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SUN•HRY

This final report summarizes our studies of the bechanism(s)
of action of radioprotective asinothiols. Using cultured Chinese
hamster ovary (CHO) cells ve have accumulated detailed
structure-activity relationships describing the relative effects
of a series of thiols on cell survival, DNA single-strand break
(SSB) induction and repair, DNA double-strand break (DSB)
induction and repair, and on the induction ot chromosome
aberrations. Because of the considerable current interest in the
measurement of DSBs ve have studied DSB induction in some detail.
During the course of this contract, five compounds vere
characterized using these various assays: dlthiothreitol,
cysteamine, VR-1065, VR-255591 and VR-151326. based on these
data ve have been able to sake some conclusions about the
relationship betveen structural features and protective
mchanism(s). The most intriguing observation is that the
molecular processes underlying radioprotection vary markedly vith
the chances in thiol structure, suggesting in turn that there is
no single "mechanism" of protection. Each of the drugs had a
differential effect on the induction of different classes of DNA
lesion, and this behavior varied among the drugs. However, of
these various lesions, the indt tion of DSBs appears to closely
predict the resulting effect of a drag on cell survival
independently of the thiol structure. Studies have also been
performed to evaluate the relationships betveen DNA SSB
induction, clonogenic stem-cell survival, and loss of tissue
function in souse tissues irradiated in vivo. Ve characterized
two compounds in detail--VR-2721 and WR-3689--for their effects
on DNA damage and clonogenic cell survival in bone marrov and
jejunum. The effects on clonogenic cell survival correlated
closely vith the effects of the drugs on the survival of the
animals. The results vith the DNA damage assay suggest an
important role for oxygen in mwni'fying the relationships between
DNA-level effects and the biological effects of the radiation.
They also suggest that the development of sensitive assays for
DSB induction and repair in these tissues, perhaps., by an
extension of the neutral elution assay, vould be an important
step to better understanding how vell these in vitro
relationships can be extrapolated to :he in vivo situation.
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FOREVORD

In conducting the research described in this report, the
investigator(s) adhered to the "Guide for the Care and Use of
Laboratory Animals," prepared by the Committee on Care and Use of
Laboratory Animals of the Institute of Laboratory Animal
Resources, National Research Council (NIH Publication No. 86-23.
Revised 1985).

Citations of commercial organizations and trade names in
this report do not constitute an official Department of the Army
endorsement or approval ot the products or services of these
organizations.
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The studies performed under contract DAND 17..86-C-6105 were
designed to evaluate those factors that govern the radieprotec-
tive ability of various thiols and aninothiols. As with any
long-term study. several of the specific aims evolved along with
the project itself. The original proposal could be divided into
2 basic sections: (a) studies vith cultured cells, and (b)
studies with animal tissues. These two subsections will be
discussed in turn. At the end of this document, I will try to
summarize hov the in vitro data have been used to interpret the
more complex in vivo data.

A. 5"TUIES lIT! CULTURED CHO CELLS

The basic premise here was to collect and correlate data for
,a series of structurally-related compounds with respect to their
relative effect on cell survival and on the induction and repair
of various types of DN4A damage.

Al. Cell Survival
The first step in all of our studies was to measure the

effect of the particular drug on cell survival using a zlonogenic
assay in vhich survival is defined as the ability of a cell to
proliferate indefinitely. This is an extremely reproducible
assay and can be used to opti=ize conditions with respect to urch
variables as drug dosage and timing. The drugs that ve evaluated
and their structures are shown in Table I.

The general approach in evaluating any new compound was as
follows:

i) First, we Oetermined the effect of a 30 win pretreatsent,
with various, concentrations of each drug on the surviving
fraction (3F) after a single dose (10 GY) of Y-rays. Results are
shown in Fig. 1A for the 5 drugs that were studied. There was
clearly a great ditference in the concentration of each drug
required to prcduce a given level of protection.

ii) based on these data. ve selected a concentration of each
drug that would give a similar degree of pro!ection but that was
not toxic to the cells. A protection factor (PF) of between 2
and 2.5 was deemed optimal; the concentrations chose- were 4 al
'JR-1065, 6 mM UR-255591, 6 mM VR-151326, 10 iM cysteamine, and '5
mM dithiothreitol (DTT). The time course of protection by each
of these thiols was then determined. None of the drivgs had any
efficacy when given after irradiation. Tae time-dependence of
pretreatment i!. shown in Fig. lB. Clearly. the various thiols
,'aried greatly with respect to the rate at which protection was

achieved. vith Mrr and rysteamine Tiving maximal protection
within minutes and the two more structurally complex sminothiols
being much slower.

iii) For the purpose of obtaining quantitative PF values,
complete radiation dose-response curves were determined for a 30-
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min pretreatment vith the above-mentioned concentrationL of each
compound. The data for WR-1065 (1) and V!-255591 (2),have been
published in some detail. Fig. 2 shcvs similar data for
cysteamine. Several generalizations can be made on the Lasis of
these data:

a) For each drug, the PF appeared to be independent of the
dose of radiation. i.e. the drugs were radiation dose-modifying.
The survival curves for each drug were rigorously analyzed using
either the linear quadratic (LQ) model or the multi-target (MT)
model. The parameters of these 2 models (LW: a and 8; KT: D
D , n) all behaved in a dose-modifying way, as discussed in
ditail for WR-1065 (1).

b) The PF for each drug was identical whether the
Irradiation was given at 371C or on ice.

A2. Single-strand Break Induction
The technology of choice here was alkaline elution (3)

because of its qxtreme sensitivity'and because we had already
demonstrated that the technique could be suitably adapted tO
mouse tissues (4.5). This latter factor vou*d be important in
view of our goal of. extending these relationships to tissues
irradiated in vivo (section B).

The various drugs,vere eva'luated in turn for their ability
to protect CHOcells froo SSB induction under exactly the same
conditions that the above survival measurements were made. Table
ii compares the PF values for SSB induction (PFISSBI) and cell
survival (PFISFI) for each drug. The PF[SSBI, values' were
obtained from complete dose-response curves for ýSb-induction as
published for both VR-1065 (1) and VR-255591 (2). It is readily
apparent that, for all 5 drugs. the PFISSBI was much lover than
the PF[SFI, this being independent of the radiation dose used.
In Table II. all of the measurements were made on cells that were
chilled on ice at the end of the thiol treatment, i.e., before
irradiation. Ve therefore examined uhat the situation would be
in cells irradiated at 37°C in the presence of different
concentrations of each thiol.. These data are illustrated in Fig.
3 for the three more complex aminothiols. It is apparent that,
while protection increased with drug concentration'. the PFISSBJ
van always low relative to the PFISF] under all conditions.

In a publication 'submitted to a recent conference on
"Anticarcinogenesis and Radiation Protection* we plotted these
data in a different way (6); the PFISSBI was plotted versus the
corresponding PFISFI, the variable being the concentration of the
thiol. These data are reproduced in Fig. 4 and confirm that, for
each thiol. protection against SS3 induction., was alvays
relatively small althýugh different for' different thiols.
Another informative way of repý-esenting such data was discussed
by Radfotd (7.8) who suggested that a plot of -in(SF) versus ,SSB
frecuency should be linear if these lesions correlate with
survival; more important),y, the plots for irradiation with or

----- - --- -



without various 1hiols should fall along a common line (i.e..
have a common slope) if the modification of SS~s and survival are
equivalent. Such a correlation was not observed vhen we analyzed
our data in this manner (data not shown). as was also found for
cysteauine (7). This led Radford C) to conclude that SSBs were
not lethal lesions. although, as discussed belov, there are other
alternative expl.lkati ns for this lack of correlation iince SSB
measurements are extremely prone to artilactual sources of trrot!

However, this form of data analysispresentation is still
not optimal; a; wili ba discussed in section AZ for the
double-strand break (OSB) induction data, this method can be made
even more powerful by using the replicate-plating dual-label
method (7.8) although the extent of the lack of correlation
betveen SF and SSB induction that we observed was so dramatic
that this is clearly not the explanation for the present results
and con,1lusions.

QUESTION: What are the possible reaone for the :elatively poor
protection against SSB induttior. i.e.. whv is PFISSBI << PFJSFI?
There are several possible explanations, which we shall consider
in turn.

.i It is possible that the corbcentvation of drut oxidation
products - HO, or 0,- - may be enhanced in irradiated cells. and
these could'then dahage the DNA and i.icrease the level of SSBs
selectively in the drur-treated cells, thereby lowering the
measured FFISSBI. Houever. this possibility is unlikely based on
the fact that including catalase (to remove H.O.) and/or desfetal
(to remove iron) had little effect on !he PFItSB] value (1).

ii) As discussed by Quintiliani (0) there is the possibility
thnat either thivl (RS') or sulfur peroxvl (RSO..) radicals may be
produced in irradiated, drug treated cells. ind these radicals
may then react with DNA to cause SSBs. As discussed above, this
would have the effect of lowering the PFISSBI. This is a
reasonably likely event since RSI radicals are produced in
virtually all reactions of RSH with radiation products, and these
-adicals will react rapidly with 0. to produce RSO,* radicals.
"The extent of the involvement o! these radicals cannot be
ascertained at present.

iii) It is widely believed that DS~s correlate clisely with cell
Survi'al. Nonetheless, it has commonii been assumed that. if

thiols protect cells by scavenging OH* radical%. by H-atom
dona:ion, or by inducing anoxia. thvy would be effective
protectors against SSB induction -- e'-ven :" SSBs were nct lethal.
However. in section A3 ;e will des-ribe a s,.*iple o.iel based on
*he Aiper Hovard-Flanders fixation-repait -del "ha vil: predict
.hat if !he FF1SFl an, PF[DSBI val.a!es a:e t !i-ar. as 4:;deed we

find. !hen the PFISSBI should lhecre :a..-; m ich :i.or than
either the PFISF] or PFIDSBI. as again ve Jc I:nd.



A3. Double-strand break Induction
Our measurements of DSB induction illustra e well the

earlier comment about the evolution of these stu ies. In our
initial studies we found that, when we used the me ifticaion of
the neutral elution methodcology originally descri d Ly BrAdley
and Kohn (10). we obtained a l.near DSB-induction urve when ye
uF-d a pH of 7.0 for all of the solutions. whereas at pH -.6 the
DSB-induction curves were curvilinear. This suggested that the
pH 9.6 assay may still be detecting a large con-i ent of DSBs
arising from overlapping SSBs and'or base damage. Measurements
of DSB rejoining appeared to substantiate tnis rguwent. Otr
initial study vwth, v -1%5 `I) thetefore used only the pH 7 assay
even thnugh this was less sensitive and requir d the use of
suptalethal doses of radiation. From these linear dose-responses
we obtained a PFIDSBI of -1.65 fer 4M VP-1r5. wh h was closer
to the PFISFI than was the PFISSBI. but still no, equal. This
appeared to contrast with the data of Radfotd (7.8 shoving that
cysteamine modified survival and pH 9.6 DSB indu tion equally.
Ve therefore examined a second drug, WIR-255591 (2. However,
this time we used both the pH " and pH 9.t, veisions of the
neutral elution technique and obtained the results shown in Fig.
5. At both pH's the PFIDOBI was - 1.8. i.e., close to. but not
ider.tical to. the PFISF] value of 2.3 for th s drug at a
concentration of 6 mM. For tompitteness. we 'ent back and
evaluated 4 nM Ak-1065 using the pH 4.'6 assay and found
essentially the same thing. as shown in Tabli II. hus. for both
drugs, we found tha't:

PFISFJ > PFIDSB, pH 71 - PFIDSB. ph 9.61 >> FISSBf

:ndeed. when we examined several other drugs. this general trend
appeAred to he substantiated (Table 11).

;e therefrre asked the question: Why is the ýFIDSBJ lower
tian the FFISF)7 There were several possibilities.

;j The drugs could be affecting DSE repair, presumably by
enhancing these processes. However, as discussed later in
section A.5. we could find no evidence for any such wffect.
although there are some additional questions (dis ussed later)
ab:out the significance of such measurements.

The drugs could be affecting recovery fr potentially
lethal damage (PLD!,. n fact. based on our curre t krowledge of
arinothiols. there are several possible mechanism by vhich FLD
could te affected. Most notably. ;rdina and Nagy (11) had shown
:ha! 4 TM WP-Irl5 significantly inhibited he ceil-c.cle
pregression of 7'9 cells, and suggested that his nay allow
adc:icn di -e for recoerv fro s FLD. Our own tudies on the

.c.en! of PLD in zaoioprotction are :iscus eed in section
A..6 although our studies hav.e shown -hat !ostirradiation
"rea:ment of -he cells with h.pertoric sa.:ne. a procedure tha:
:edu:ces tne ;nfluence of so"e typos of P LD on ,el ur.i~al.
lovered the PF[SFI ior t<-1)E5 to a value sinilar o he FFIDSBI.



our subsequent studies (described belou) have led us to
re-evaluate the implication ot these observations.

iii) The low sensitivity of the pH ? neutral elution technique
meant that we had started out b-' using radiation doses much
higher than those used in the survival studies. I, vas therefore

possible that the PFIDSBI may be donz-dvpendent. However. at

first glance, this seemed unlikeli' since tne pi: 7 doce responses
were linear with or without the drug and wvuld have to behave
very strangely at low radiation do;zs to give a greater PFIDSBI.
Vhat caued, us to re-evaluate this conclusion was a series of

debates at scientific zeetinrs aboL! the relative merits of

various types of neutral elution assay. This led rr. Jonn Vard

and his colleagues at the University of Cai:fornia et San Diego
to exawine the "DNA" eluting from the filter at pH 7 using

electron %icroscopy. They (personal compunicatien) found zhat
the DNA was not eluting independently of cellular proteins.
despite pre-. cus claims tbat SDS nrotpenase V effetively removed
cellular proteins undcr these conditions. The key factor here
appears to be the magnitude of depro!einization. and indeed, a

careful search of the literature revealed that at pH 1 proteinase
F has a much reduced activity (:Z).

The dose-response curves for DSB induction at pH 4.6 veie
non-linear. however, so it vas -ore dii:icult to rule out the
possibility that the PF may increase in the iower-Jose range. Ve

therefore adapted our pH 0.6 procedure again. this *ime by using
a modified version of the assay described by Radford ('.S).
Briefly. in this assay, the cells are labeled with iC-IdR.
treated. i:radiated. and tr.ps;nized. The doses used foi control
cells are up to 1%' Gy while the thiol-treated cells receive up to
311 Gy. as appropriate. The cell-; are then split into 2
!raction... One of these fractions is plated for 4eli survival
measurements. The other fraction is admixed with -l-TdR-labeled
internal re'arence cells that have recei'.ed 30 Gv of v-rays en
'ce. The cells are then eluted at pH 0.6 as usual. Triplicate
elution samples are run for each uose point. The elited MA is
counted using a dual-labe' program so that the ofuiion of the
"-C-labeled cells and the H-labeled internal reference cells can
be plotted separately. The level of D5B induction is then
calcuiated as described by Viodek and Hitteiman (:11. Because of
potential c•piications vitn dual-label counting ve,tigcrously
coTpared the data with data obtained using only the 'C-laoeled
•e i.e., virhouT the -H-laoeled internal reference' cells. Ve
found that the results aere identical and :ust as reprodurioie
using tne sing'--Iabel method. so it v.s adopted exclusively for
the reracnaei of these studies.,

The pcver 1,1 this "replicate p:at-ig" t*echrque is d~rived
fror 9,e f a-t , ht ne :evell of :IFBz and i-v. a! ar e deterr~in-",

nln exa .' the same sampIe of -eLs. This enables the
tons!ructor. of vhat hiave -one to te i.cvn as "lehal .esion

.;-. t" vhe:,? he lev A DSB ndti-rn 'a'.eP:aged among 7he

,r p•sa'e sa!!p.ec) for 3 g:.en (af' e , -' :s plo'ted



against the negative log (-in) of the SF measured from triplicate
sanples of these very same cells. Typical data obtained vith
this technique are shown for three groups of cells in Fig. 6:
(a) control cells receiving only y-rays; (b) cells pietreated
with 6 W1 09-255591; and (c) cells pretreated with 10 .M
cysteamine. It is clear that, for all three treatment groups.
the data can be fitted by a common slope, The implication of
this obser.'ation is simple: the DSBs induced in all three groups
of cells have an equal "lethal efficiency". This is equivalent
to the statement that. over the radiation dose range where cell
survi'al. is measured, both UP-2555S9 and cysteamine protect
cqualiy against DSB induction and cell killing. This statement
is obviously in conflict with the results based or. our earlier
high-dose DSB daza (Table II) and with similar results obtained
by Sigd~stad et al. (14), but are in complete agreement with the
data of Radford-•T,8) for, cysteamine which were obtained using
the replicate plating method. Why this discrepancy' The.ansver
could be one of two things.-

a) It could be related to the fact that. if the lethal
lesion plot method is not used. one has to mathematically
calculate a PFISF] value from a pair of survival curves and a
PFIDSBI value from a pair of DSB induction curves. This requires
some judgement and quickly becomes complicated if the survival or
DSB indurtion curves are not easy to describe mathematically or
if the treatment is NOT dose-modifyingý for either end-point. In
any case. there are a lot of potential sources of error in this
method. The involvment of this potential artifact can be gauged
by re-evaluating the )ow-dose data used fer the lethal lesion
plot3 (Fig. 6) by the alternative method, as shown in Fig. 7.
The degree of DSB induction as a function of radiation dose. with
or without the 2 thiols. is shown in Fig. 7A, and indicate a
PFIDSBI of between 2.1 and 2:2 at all levels of effect. The
corresponding survival data (Fig. 7B) gave a PFISFI of again
between 2.1 and 2.2 at all levels of effect.

Clearly, there is a reasonably good agreement between the
PFs determined in this way, suggesting that the calculation of PF
values per se is probably not the cause of the disparity found in
the earlier data (Table 1I). Furthermore, the PF method is a
useful approach in that some idea of the magnitude of protec'ion
can be made; the lethal lesion plot. although greatly superior
for determining the goodness of. a correlation between two
rend-points. tells us nothing about the magnitude of the effect of

a given drug.

b. ' The lack of correlation in the earlier studies may be due to
either: M) a true dose-dependency of DSB protection. perhaps
reflecting a naturation of the ability of F.H to donate H-atoms
or electrons or •o scaverge OH radicals at very high radiation
doses, or (-) •n "apparent" lose dependency that may be related
to an inc;e.-Zing contribution of SSBs or base damage (which are
bolh pooi.- protected agairst) to that damage assayed as DSEs at
.he higher radiation doses. Each of these 2 effects are

11



extremely plausible, and in reality b.th of these processes
probably contribute to the observed results.

II conclusion, it appears that when the truly appropriate
measurements are made, there seems to be an excellent correlAtion
betveen the effects of aminothiols on cell survival and DSB
induction. At first, this sounds appoaling. and any
drug-scieening program would have an obvious ad.antage in
incorporating such an assay. Howevet. in some respects, this
result is mechanistically surprising since the implication is
that DSB'induction ALONE determines the turvival level. and that
factors such as cell recovery, cell progression, etc., vhich have
been widely implicated as having an important role in determining
cell survival, must have no effect in determining the subsequent
protection. These factors will be discussed futther in sections
A5 and 6. Be'ore going on to a discussion of the effects of the
aminothiols or DNA repair processes. i will briefly outline a
rather interesting aspect of thiol protection in general and then
Indicate some rather unexpected implications of this mooel.

The "fixation-repair" (F-R) model of radiosensitization and
radioprotection--more specifically as it relates to oxygen and
-thiol compounds--was formulated many years ago by Alper and
Hovard-Flanders (15). Although many pieces of evidence zre not'
fully explained by this model -- and indeed. many modifications
of the F-R hypothesis are to this day being formulated -- the
model in its uost simple form has provided an extremely useful
general model for discussing the 0,-effect. As shown in Fig. 8.
the basis of this hypothesis is that peroxidative lesion fixation
(F) reactions:

DNA'.0 DNAOO DNAO.H2 .DNAO

occur in competition vith chemical repair (R) reactions:

DNA' - RSH - IDNAI * PSO

Reaction of DNA* with 0, will enhance lethality, reaction
with RSH will decrease lethaliy. But vhat will the outcome be
in terms of DNA lesions? If ye assume that (i) reaction with all
lesions will occur with equal probability: and (ii) that DSBs
correlate 1 to 1 with survival: then it is apparent that. for a
DSB., a thiol will have two "opportunit'ies" to scevange a DSB
(since repair of either potential strand break in a DSB will
result in the disappearance of the DSB) whereas for an SSB there
will only be one such "fixation-repair" opportunity. This will
result in a distribution of products as shovn in Fig. 8; not only
rill protection against SSB be much less efficient than for DSBs.
but some percent of the potential DSBs vwll actuali, be converted
1o an SSB. Therefore. based on simple mechanistic
considerations, the observation !hat:

PF[SFI ?FIDSB] >> PFiSSBI



appears 'to be reasonable, not forgetting that the PFtSSBI may be
further reduced as a result of breakage of the DNA by RS" or
RS0 2° radicals, as discussed earlier in section A2.

M. Single-strand break repair
In our initial studies with 14-1O65 (1) and VR-255591 (2) we

performed detailed analyses on the effects of thes.' 2 drugs on
the repair of 'v-ray-induced SSBs. Ve examined the effect of
pretreatment only, post-treatment only, and pre- plus
post-treatment, on SSB repair. Post-treatment with either drug
appeared to inhibit SSB repair; however, this "inhibition" could
be reversed by the addition of catalase (which removes H,O,) and
desferal (which removes Fe), so this effect was probably ' tesult
of additional SSBs induced via OH-radicals generated from
autoxidation of the drug as follows:
2liSH + 0,, RSSR + HO,

HO, - F' * OH- ORW . Fe 3
& 4

the latter reaction being the well-known Fenton reaction. Some
further aspects of these reactions as they relate to SSD
induction resulting from thiol autoxidation were discussed in our
second Annual Report (16). Thus, post-irradiation incubation
with aminothiols appears to have no "real" effect on SSB repair

Er se. This conclusion is supported by the fact that
'post-irradiation incubation with either drug had NO effect on the
survival of the cells.

On the other hand, in cells, that were treated with either
"41-1•65 or VR-255591 before irradiation, the subsequent rate of
SSB rejoining was significantly slower regardless of the addition
of agents to offset the effects of thiol oxidation. Such effects
have been reported by other workers for both cysteamine 0l7) and
VR-1065 (11) and have generally been interpreted as reflecting an
inhibition by the aminothiol of a DNA repair process. However,
various lines of evidence have lead us to conclude that this
effect is perhaps not related to an "inhibition" of a DNA repair
process: (i) There vas no comparable effect on DSB repair (see
section A.5) for either drug. (ii) There was no effect of a
post-irradiation treatment with either WR-1065 or WR-255591 once
the effects of thiol oxidation had been compensated for, as
discussed above. This should not have been expected if the drugs
inhibit, say. a repair enzyme, since in this protocol the thiol
is actually present during the repair process.

Thus, we are left with the :onclusion that the present--and
perhaps also previously reported--effects of thiols on DNA repair
may be artifactual in origin. The more significant effect of
pretreatPent on SSB repair is again probably not the result of an
effect on DNA repair systems; rather, we believe that this effect
could reflect the differential protection by R-1065,'R-259l--
cr indeed, any thiol--against different types of SSB. I'n -his
case. the drug would have to protect differentially against the
precursor radicals that lead to faster-repairing SSBs. so that
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those SSBs remaining would contain a preponderance of
slower-repairing types. A similar con lusion was reached by van
der Schans et al. (18) for anoxic ceils treated with cysteamine.

This conclusion is supported by many papers in the
literature which show that thiols differentially donate H-atoms
or electrons to various types of base or sugar radicals (e.g..
19.20). Furthermore. it should be remembered that the SSBs
moasured by alkaline elution at pH 12.1 will contain a
significant contribition from alkali-labile base damage as well
as from frank SSBs. S.veral reports have indicated that thiols
such as cysteamine protect .ery poorly against base damage
(7.18.21) compared to frank SSBs. so there may well be a greater
contribution from these (slower repairing?) lesions in
thiol-treated. irradiated cells. I will return to this concept
later.in section A.6 'as it relates to PLD rr-overy.

A5. Double-strand break repair
In view of the widely proposed role for DSBs in determining

cell survival. their repair by DNA-repair systems should be an
important cellular event. Indeed. the level of DSB induction
should onlv correlate with cell ,urvival when there is no effect
of the aminothiol on DSB repair. We measured DSB repair after a
dose, of 100 Gy tirradiation on ice folliowed by repair at'37C)
and found that neither VA-1065 (1) nor WR-255591 t 2 ) had any
measurable effect on the rate of DSB repair regardless of whether
the drug was present before and!or after irradiation. in our
studies of DSB induction at that time we were not finding a
one-to-one correlation between DSD induction and cell survival.
so we had anticipated that the drugs may enhance DS0 repair. Of
course. our subsequent finding that there was indeed a close to
1-to-l correlation between cell survival and DS induction at
lover radiation doses (section A.3) made this observation of *no
effect" on repair much mire reasonable.

Incidentally. a recent paper by Radford (22) makes a very
interesting point that care should be exercised when interpreting
such DSB repair data since it appears that only a small fraction
of the genome (-Z% - the genes?) is a "target' for cell
inactivation. Thus, measuring DSB repair in the whole genome. as
we did here. would give no information on repair in tMe important
DNA sequences.

In summary, we see no evidence to suggest that 'WR-1065 or
*.P?-255591 exert any effect on DNA repair processes. other than
perhaps indirectly by altering the distribution of lesion type.
on which the repair enzymes operate.

A6. Effect of thiols on PLD recoverj.
Ve originally began to address the possible role of PLD

recovery in radioprotection because: (i) of our observation that
the PFIDSBI measured ifter high donos of Y-raVs Was always lover
than the PFISF] (Table 11). Thus. the discrepancy between these
tvn numbers could reflect enhanced cell recovery processes. (ii)
of the reports by Grdina and Nagy, (7) bat P-1O065 reversibly



perturbed the progression of V-79 cells through their cr1l cycle.
This, plus earlier reports of a similar effect with cysteamine
(17), lended suppoLt to the suggestion uf brown (23) that
int'ibition of cell progressioa/DNIA replication by aminothiols
could alloy additional time for the repair of potentially-lethal
lesions.

This latter point is important. and greatly influenced the
design of the *experiments described below. Many workers had
speculated that such an effect could be related to the binding of
aminothiols to DNA, vith a tesulting stabilization of the DNA
structure (23). Thus, the charge (Z) of a thiol should be an
important variable in this respect. Aminothiols such as ,R-1065,
vith Z a .2, should bind strongly to DNA and may thus he expected
to exert a strong effect on PLDR (see reference 16 and literature
cited therein). Thiols such as DTT, on the other hand, with Z
0, should have little effect if this mechanism is appropriate.

Thiol Z

VR-!065 .2
•R-255591 +2

WR-151326 .2

cysteamine .1
DTM 0
GSH -1

Ve attempted to answer this question through a series of
relatively simple experiaents. It is known that treatment of
log-phase cultured cells with hypertonic (0.5 M) salt (HS) after
irradiation *tixes" a sector of PLD in these cells and enhances
radiation lethality (24). We had recently used this technique to
assess the PLD repair capability of a series of X-ray-sensitive
CHO-cell mutants (25). We reasoned that, if PLD was affected by
aminothiols, then treating with HS should eliminate this effect
and thereby differentially sensitize untreated and drug-treated,
v-irradiated cells. In fact, ye anticipated that an HS treatment
that eliminated the PLD component could reduce the PFISFJ,
perhaps even so that it would equal the PFIDSBI value. Our first
experiments were done with WR-1065 (4 mi), as shown in Fig. 9.
We were naturally intrigued when the HS treatment indeed appeared
to sensitize both the control and VR-1065-treated cells but to a
different extent. In fact, remarkably, the PFISFI for
salt-treated cells was -1.6. i.e.. very close to the PF(Dý8I.
Our original interpretation of these data (16) vas that they may
indeed represent a 2-stage protection process, namely a
protection against DSB induction followed by a contribution from
enhanced PLD ricovery. We specula'td that the enhanced PLD
recovery could result from either: (a) effects on pH: (b) effects
on cell progression; or (c) the effects of the drug on the
spectrum of DNA lesions induced by v-rays (16). This latter
possibility was particularly intriguing in view cf the known
ability of thiol compounds to differentially repair (by H-atom or
electron donation) different types of DNA radicals.(19,20). Of
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course, possibility (c) should be independent of the charge of a
thiol and should apply equally to. say, rR-1065 (Z . .2) and DTT
(Z - 0).

We did not immediately publish these data for several
reasons. Most important'l. we still did not urderstand the
merhanisas of PLD fixation by HS and we didn't know yet what the
magnitude of the PFIDSBI vould be at low doses of Y-rays (section
A.3). The initial HS data vith R-I0N5 were intriguing enough
that we continued with both lines of investigation for several
months. As discussed in section A.3, it turned out that the
modification of DSB induction did appear to correlate vith cell
killing at the lover doses. suggesting that the discrepancy
between the PFISFI and PFIDSBI values were not due to a rLD
component but rather were due to a dcse-dependenre of the
PFIDSBI. Nonetheless, we had consistently soen a differential
sensitization of VR-lO65-treated cells by HS, suggesting that the
relatinnship betveen DSBs and survival could indeed be
manipulated by PLD modifiers, although this nov appeared to work
in the opposite sense to our original expectation. i.e., HS
dissociated the :.lationship between DSBs and survival in the
low-dose range.

We therefore decided to examine some Additional thiols to
determine the generality of this effect. To assess the effect of
ti ..1 charge on this process ve selected VR-1%65 (Z - -2).
cysteamine (Z .-1). and DTT (Z - 0). The results are summarized
in Fig. 10 where the PFISFI is plotted as a function of radiation
dose for all 3 thiols, both without and with post irradiation
treatment with HS. All 3 drugs were afiected to essentially the
same degree by the HS treatment, there being an approx. 40%
decrease' in the PFISF1 as a result of the HS treatment at all
radiation doses. Thus. we can conclude that tiis effect is
independent of the charge on the thiol and is also a general
phenomenon for a number of structurally. unrelated thiols,

Our interes, in PLD has also led us into an interesting area
of research that has generated some revealing data. It is well
established that the induction of cl.romosomal aberrations
correlates well with both DSB induction and cell survival.
Chromosome-lpvel end-points had the attraction to us that they
allow for repair and recovery processes to occur before damage is
assessed, and may therefore be a good end point for assessing the
effects of drugs such as the aninothiols which may affect these
latter processes. The micronucleus (KN) assay is particularly
convenient for measuring the formation of acentric chromosome
fragments; however, it is difficult *o apply this assay to agents
vhich perturb cell progression, such as the aminothiols. It was
therefore orovidential that Dr. Villiam Brock in our department
had been developing an adaptation of the MN assay which could
circumvent this complication by using the agent cytochalasin. a
drug vhich inhibits cell division but not nuclear division.
Thus. it is possible to score MN induction selectively in
binucleated cells that have only undergone one mitotic division.
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Preliminary data were obtained with cysteamine and
MR-255591; dose-response curves for HN induction in CHO cells
with or vlthout 6 N WVR-:'555ql or 10 aM cysteamine (Fig. 11)
indicated that these drugs protected significantly against MN
induction, although the PFIMNI for VIR-255591 appeared to be
somewhat less than that for survival (2.3) reporti-I in our
earlier paper (2). Based on our experience with the DSB
induction data (section A.3), ye noted that the MN data c-uld
only be measured at LOVER doses of radiation than the suivival
measurements hsd used. It was therefore possible either that (i)
the rF[SF] would be lever at lover radiation doses, or (ii) the
batch of VR-255591 used in ýhe MN assay may have been less
efficacious than the earlier batch used for the surv-ival
'easurements. We therefore te-examined the protection of rCiO
cells by VR-255591 and cysteamine at lover v-ray doses, as sowvn
in Fig. 12., and found that the PF was indeed lover than the old
number. 'n, fact, when we construct a "pseudo" lethal lesion plot
analogous to that used with the DSB induction data (Fig. 13)
there is a very good agreement oetteen the lethal efficiency of
MN with or without the drug. i.e., the drug modifies survival and
MN induction in a sisilar proportion. These. data therefore
support, the conclusions based on the low-dose DSB data (Fig. 6).
and confirm that DSBs and MN are also modified in a similar
ratio. I used the word "pseudo" above since in a true lethal
lesion plot the DSB and survival data are performed on replicate
sets of cells. Vith the MN assay the cells are treated with
cytochalasin just prior to irradiation so survival cannot be
determined on a replicate population.

As discussed above, effects on cell progression have
frequently been implicated as a contributory effect to PLD
recovery and radioprotection. although bearing in mind the close
correlation between survival and DSB induction (section A3). this
contribution =ay in fact be minimal. As an associatedproject we
have used flov-cytometry to examine the effects of several
thiols--VR-1065 (Z - -2), ',R-:55591 (Z w -2). cysteamine (Z - '-1)
and DTT (Z - 0)--on CHO-cell progression. Not all of these data
have been analyzed and compiled as yet; hovever,.it does appear
that sometimes a small effect of the aminothiols could be
detected, and sometimes their is no effect at ali. Bearing in
mind the low voriance in measurements of cell sLrvival, any
effect for which the experimental variance of the technique
itself is low 'e.g..' flow cytometrv) should show a similar
intraexperimentai variation as does survival if the 2 effects are
correlated. This does not appear to be the case fir cell-cycle
perturbation, suggesting that such perturbation Aay be cell-line
dependent (11.26) and therefore not a, general component of
protectin.

A7. Aasociated studies.
Several additional peripheral studies were performed during

thf course of this contract. These studies--notabl: the effect
of GSH and polyamine depletion on protection by !hiols and an
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examination' of DNA damage resulting frnt thiol oxidacion
products--were discussed at length in our Annual Report $2 (161.
and little further work vag performed since that time. The
polyamine And glutathione data were presented by -N c,.llearve
Ariela Prager at the Radiation Reseat h meeting in Apr] 114H.
Our data shoving !he effect of VR-25551l on m2 HeY fast
uieutron-induced cell killing and SSB DSB ;nduc'ion distuesed at
length in the Annual report 02 (16) have nov been viatten up and
accepted for publication (2').

AS. Sumary and conclusions fros in vitro data.
The real purpose of these in "'.tzo studies was to establish

the relationships between the modification of proliferative cell
death and DNA damage and zepair processes in a z-latively
vell-defined syv:em where ve could contzol all variables,
ultimately with, a view to using these data to elucidate the
importance of these various processes in radioprntection in vivo.
D:A SSB induction has long been known to correlate poorly with
cell killing. We were nonetheless surprised by the extent to
which these various thiols failed to modify SSB induction !ince
our original expectation vas that, even if SSBs were not lethal,
all of the major processes that are believed to contribute to
protection of the DtA--OH-radical scavenging, repair of DNA'
radicals by H-atom or electron donation, or indeed
O,-deplet ion--should all protect the DNA from SSB induction to an
e~tent that may even be expected to be greater than the PFISFI
value. Clearly this was not so. and a wide variety of thiols
gave a similar low PFISSB]. We believe that this can probably be
explained in terms of artifactual DNA breakage from radiolytic
products in irradiated, thiol-treated cells, from base damage
(which has an intrinsically low PF) contributing to the
measurement of SSBs, and from a simple radiobio1ogical
consideratinn of the fixation repair model (Fig. 8), as discussed
in section A2.

Vith respect to SSB repair (section A4) the above caveats
really cause us to question the degree of inference that should
be dravn from such measurements. The post-irradiation effects
are massively complicated by the possibility of rost-irradiation
DNA-damaging events, while the measurement of repair after
pretreatment may reflect tne fact that thiols are differentially
protecting against various types of base or suger damage. This
perhaps leads to a simpler conceptualization of the
"heterogeneous" nature of the PFISSB] which represents an average
for various types of damage (H-atom abstracted sugar radicals and
bases) that may be extremely well protected against, and other
types of radical (e.g., resonant guanvl radicals or forms of
a Kali-labile base damage not giving rise to frank SSBs) that are
only poorly protected against.

Ve appear te have turned full c;rcle in our consideration of
the DSB induction data as better nethods have been developed f-r
their detection. The method descrýýed vv Radford (7.8) is
extremely powerful in many ways. and a ccmparison of the high
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versus lev-dose DSB induction data have lead to a Puch better

understanding of the measurement and significance of these

lesions. Clearly. the meesutesent of DSBs in sten cells in "vivo

is a major directOn for future, consideration. Indeed. ve vere

beginning to address this question at-the termination of this

contract and will be glad to keep the appiopriate office of the

U.S. Army notified of any develr-ctts if this shc' Ad he of use

in their future r-search programs.

Ve are ieft vith an intriguing.paradox. The nodificetion of

Cell survival and both DSB and MN induction ippear to correlate

fairly well vith each other. Hove ., postirradiation treatment.

vith HS' dissociates these Z end-points. -uggesting that the

magnitude of PLD recovety i's diffetent in control and

Thiol-treated cells. Indeed, there is much circumstantial

evidence to suggest that this should be so! Of course, if DSB

induction correlates vith survi'.al. then there should be no

differential effect on repair or recovery ptocesses!
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B. IN VIVO S'UILS
A major goal of this research has been to examine the extent

to vhich the relationships determined in in vitro cell culture
systems can be extrapolated to describe the behavior of tissues
irradiated in vivo vhen animals are treated vith various
radioprotective arinothiols or their phosphate-blocked
derivatv~es. The first objective nete was to establish suitable
assay systems for the various tissues of intet~st--Jejunue. bone
marrow, and biain. Our earliest studies in this atea had
resulted in the development of a variation of ihe alkaline
elution assay vhich inabled us to examine DNA SSB induction and
repait in these tissues (4). Hovever. this assay. which used the
fluorescent dye Hoechst 33258 to assay the eluted DNA (28).
characterized the collective response of all of the cells within
the tissue. We reasoned that an assay that was going to be of
any value in describing the biological response of a tissue vould
have to tell us something about the response of that small
subpopulation of radiosensitive target cells in the tissue. As a
first approach to t~is goal we devised an assay vhere the animals
wete labeled vith H-TdR 6 hr prior to irradiation so that we
could selectively examine SSB induction and repair in the
proliferating cells of the mouse bone marrow and jejunum; this
assay was rigorousy characterized and the results published in a
detailed manuscript (5).

81. Studies of the effects of ldR-1065 and VR-2721 on the
radiosensitivity of the mouse jejunum.

Our next study involved the use of thi5 assay to
characterize the effects of VR-2721 and its free thiol. WR-1065,
on SSB induction and repair in the mouse jejunum. Again, these
studies were reported in an in-depth publication (29). To
briefly summarize these studies, ve found that both VR-1065 and
VR-2721 gave marked protection to this tissue in a biological
assay for stem-cell survival, viz, the cryp. ticrocolony assay
devised by Withers and Elkind (30). Rather surprisingly, under
these same conditions ye found that neither VR-2721 nor VR-1065
gave much protection against SSB induction.

We therefore examined the effect of these 2 drugs on SSB
rejoining and. again rather surprisingly, found that both drugs
markedly inhibited the rejoining of SSBs by the proliferating
cells of the jejunal crypts. There are Several possible
explanations for this observation:

(a) VP-i065'2721 could directly inhibit those enzymatic pathvays
responsible for the repair of SSBs.

(b) the effect could be 3nalogous to that observed for WR-1065
(1) and ",R-255591 (2) in cultured CHO cells that vere
pre-treated with the aminothiol and which ye attributed to a
changp in the proportions of different types of lesions
induced in the presence or absence of the drug. Hovever.
since there was no change in the level of SSB induction in
*.ivo. this is unlikely.
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(c) it could be analogous to the slover SSB-repair observed in
CHO cells if catalase and desferal were not included in the
protocol. i.e., due to thiol oxidation products.

(d) RS' and RSO,' radicals could be geiterated in irradiated
thiol-treated'tissues, as discussed for CHO cells in section
A2. These radicals could th.n pirduce additional M•A SSBs.

(e) VP-' -2 ic knovn to produce a hypotherric effect. and the
decrease in body temperature -ouNd result in a decreased
rate of SSB repair.

The answer is probably a combination of factors c-e. and is
unlikely to tepresent a true inhibition of the SSB repair
processe-. These data--and particularly comments b and c--do
illustrate some of the difficulties of vorking vith in vivo
systems, and emphas.ze one of the original provisions of the
studies that were performed under this contract. viz., the
importance of the mechanistic studies in cell culture. vhere
conditions can be ca.efullv controlled (in this rase temperature.
H.O,'Fe levels. etc.). in ultimately interpreting the more
artefact-prone in vivo data.

B2. VR-3689 as a protector of the mouse jejuin.
it vas apparent from this study with E11R-2721 in the mouse

jejunum that the relationships in cultured cells could not be
readily extrapolated to the in v~vo situation. We therefore
examined a second drug, VR-3689, the N-methylated derivative of
V1-Z721, whose free-thiol is the compound VP,-255591 described in
our in vitro studies (2). The results of these studies were
written up and submitted to the British Journal of Cancer (31)-
this manuscript was reviewed and revised, and is awaiting final
decision. The material in thi:' study (31) was expanded somewhat
relative to the earlier WR-2721 paper (29). The reauon f or this
was basically that ye felt that. i& the relationships that we
determined from cell culture were going to 5e directly
extrapolable to tissues, then the same biological end-point--the
loss of proliferative capacity of the cells--must be used in both
situations. The real biological end-point of relevance in these
studies--lethality or loss of tissue function--must therefote be
shown to be related to the loss of' proliferative capacity of the
stem-cell population. While there is a reasonable amount of
evidence in the literature suggesting that functional assays
(LD50/7) and clonogenic assays (crypt microcolony assay) for
jejunal stem cell survival correlate well for radiation alone
(e.g.. 32) and for WR-272l (e.g.. 33). the agreement for V,-2721
;s far from perfect, and Hanson (33) shoved that for prostaglan-
din E.. a non-thiol radioprotector. the relationship could be
complelely dissociated. We therefore felt that it was important
1o determine how closely the modification of gut LD50 and
zrypt-cell survival by 'a-3689 was correlated. The results (Fig.
14) suggest that. at least when LD50 at 10 or II days after
whole-abdomen irradiation was compared with the radiation dose
required to reduce crypt-cell survival to 50-5 crypts per
circumference. there was a good agreerent, although other
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end-points, such as the 0 of the su,.i'al cu:'.es. did not
correlate so well.

When we used the alkaline elution assav to examine the
influence of JRP-368Q on SSB induction in the mause )ejunum we

found essentially no effect, ar shown in Fig. Io. although the
nov general impairment of FSP !eining-. at obtet-od (i.
The possible reasons for tt'iT efle viii he -- lscus~ed iii 5ecion
B4. but first I will discuss out zesuits wth mouse bone marov..
since these conclusions from studies with different tissues are
in'imately relited.

33. VR-2721 as a protector of bone marrov.
A pteiimxnazy account of these aata was piesented at the

recen: 4th International Congress on Padio-Oncology in Vienna
(September-October. 14Q8) and published in the proceedings of
that symposium (34). Briefly. we wanted to examine tone marrov
because we felt that a key to understanding the effects of these
drugs in vivo may be the level of tissue oxygenation. Based on
our previous experiences (35) we anticipated that bone marrow
stem' cells may behave as though they were better oxygenated than
those of the jejunum. The results that we obtained (Fig. 15)
were intriguing insofar as there was now clearly a significant
protection of this tissue by up to 400 magkg i.p. of P-12'21 with
respect to SSB induction, although as shown in Table III the
correlation between the effect on SSB induction and clonogenic
(spleen-colony) or functional (LD50/30) assa~s foi bone-marrow
stem-cell survival was not of a one-to-one nature. The stem-cell
survival data were obtained by my colleague Dr. Elizabeth Travis
with whom I have collaborated on many aspects of this program
(36).

B4. Summary and conclusions from the in vivo studies.
First. I would like to consider the in vivo PFISSBI data in

relation to the in vitro data. as shown in Tab e III. The low
PF(SSBJ values were not anticipated at the cutset of these
studies, and at first we thought that there must be some very odd
radiobiological differences between cultured cells and
tissues--for example, differences 4n oxygen levels coupled with
the fact that the k-curves for SSB induction and cell survival
may not be coincident, as discussed elsewhere (16.29). The
possibility was that we may be dealing with intermediae levels
of oxy:genation in tissues where the relative position of the
k-curves may be such that altering the RSH concentration could
rarkedly change cell survival and yet have little or no *ffect on
SSB induction (29). This still didn't seem very likely.
However, once we had accumulated data with CHO cells for 5
different thiols (section A2)--w? 1065. P-215559. •'P-151326.
cysteamine and DrT,--we found thAt the same situation. i.e.,
PF[SSB]<<PF[SF]. existed vnder these conditions too. Thus. this
situation appears to be a predictable one ravhor !han being an
artifact or !issue-specific phenomenon. and possible :easons were
discussed in sections A2 and BI.



C., Specific recommendations.
I believe that the studies described in this report are

giving'a very strong message with respect to the design of future
studies. Vhat is clearly needed are assays for DSB induction or
chromosomal aberrations in vivo. The development of these assays
should hear " important criteria, in nind:

a. Sensi iv'it: The studies vith CH(O ,ells ,utlined in 5etoins
A. and At, strongly indicate the importance of -easu:ing DSBs
or chromosome aberrations over tile same radiation dose r&nge
over which the biological end-points are being measured.
These measurements should ideally be made on the same
populatinn of cellr. There is no iustificatinn for
ext:apolating FF values among studies vt.ich use significanily
different ranges of radiation doses.

b. Spe-ifici._': These assays must ultizately he ýapable of
identifying TIA damage and sur-ival in the rele."nt rell
populations of the tissue. In the case of bone maitow and
iejunum. this objective vou]d be simplified because of the
generally accepted identity of the radiosensitive target
cells as the stem-cell population. For late-responding
",issues this issue is much less straightforward, with there
being a lack o.f a defined stem-cell population and the
possibility of both parenchymal and stromal/vascular
components. Bone narrow probably represents the most
suitable tissue to begin such studies for several reasons:

(0) it is amenable to study by filter elution methods which
Vill be particularly useful if the neutral elution
w ethodolog.--vhich is currently the most sensitive assay
for DSBs--can be extended to tissues.

(ii) it is easily dissociable into a single-cell suspension. an
important prerequisite for future studies using flow
cvtometric methods.

(iii) several convenient assays for the survival of different
stem-cell populations in vivo are available (e.g.. the
various spleen colony'assays).

(iv) the technology in terms of using cell-lype specific surface
markers and fluorescent monoclonal. antibodies to these
antigens is already at an advanced stage of development and
is already being used 'with flov-cytometric methods.
Similar technologies are becoming available for the 'CNS
through the efforts of our collaborator. Dr. A'.bert van der
Kogel. in the Netherlands.

Such new technologies must surely "e the key to rea1ly
understanding the effects of radiomodifying agents on tissues at
the level of relevant target populations. Of the various
parameters identified to date. intracellular oygen concentration
appears to be a major factor in radioprntec:ion and in
deternining the relationships betveen DNA damage and cell
killing. Such studies vill be best approached thrcugh ne
.nitial use of in vitro systees vhe-e !he drug and oY.'gen
Loncentrations can be carefully regulated, as out'ined in -v



Annual Report 02 (16). This infortat.ion may ultinatelv be useful
for understanding the behavior of animal tassues irradiated in
situ.

F inalI-,. ýotre attempt ýhould be -nade to deteririne the

e:ill ,ir n ac cell acle: a: I, A It IA, ! aof.O'l:h >: al."

.'ha t fotý(s) Uf the drugs P:e te~p-nfsibe fot these etfe:'s has
not ve" been deterLined. HPLC vould be the methodoic'gv of :hoice
to identif' intracellular forms of the "az i'i drugs.

,/~



D. E" INI AL PROCEDUE
For a detailed description of the methodologies used in this

contract, please see our previous Annual Reports (16.36).

D1. Cell Culture Methods
CHO cells are maintained and treated in exponentially

g:nwing nonelaver culture at 3`C in a nuruidified c o', .
air atmosphere in McCoy's 5A medium (H!u's mdifiFation)
supFlemented with 15% fetal bovine serum. For ibe DNA damage
studies cells are labeled for 24-36 h -ith 2- C-TdR (".Cl

uCi ml; 50 mCi,mmol) followed by a 6-h incubation vith'label-free
medium to chase the label into high %uleculaL weighat DNA.

D2. Cell Survival
.Cell ur'i.a is deter-inpd uring a :lnnogenic azav.

survi'v-ing cells being assayed by their ability to produce
colonies of 5c cells or more.

D3. Mice
C3H mice are maintained in 'a specific-pathogen-free breeding

colony. Mice of betveen 12 and 16 weeks of age and weighing
approximately 30 g are used for all studi s. For the DNA SSB
"teasurwents, mice are injected i.p. with H-TdR 6 h prior to
irradiation. The radioprotective agent is administered i.p. at
various times relative to the irradiation. Animals are
sacrificed by cervical dislocation at various times after
irradiation, and the tissues are removed and immersed in ice-co!d
PBS containing 5 mM EDTA to inhibit any SSB repair. Suspensions
of jejunal epithelial cells and of femoral bone marrov cells are
obtained as described previously (16).

D4. Alkaline ElutionIn Vitro
SSOs 1 .in CHO cells are measured using alkaline elution 0i).

8 x 10- C-labeled cells are layered onto 245-ma diameter, 2-um
polycarbonate (PC) filters and lysed with :0 ml of SDS lysis
solution containing proteinase K.' The DNA is subsequently eluted
in the dark with te.trapropylammonium hydroxide (TPAH) containing
0.02 M EDTA (free acid), pH 12.1, at a flow rate of 0.04 ml"min.
Fractions are collected every 90 min for 15 h. Any DNA retained
on the filter or remaining in the filter holder or barrel at the
end of the elution time is recovered as described (16). The
amount of DNA in each sample is 'assayed by liquid scintillation
counting.

D5. Neutral elution
:n the initial phases of this contract DNA DSBs were

measured using the conve:ntional neutral elution method which uses
a pH of 1.6 (10) or with a nodification of that technique in
vhich a pH of 7.0 is used for the eluting buffer and for all
ither solutions (1). This assay required the use of supraiethai
doses of radiation (25-100 Gv). in !he late phases, of the
proiect the high-sensitivity assay described by Radford ('.8) vas
used exclusively. In this assay. •C-labeled 4 ells were

irradiated (control cells with up to I0 ry; drug-treated cells



vith up to 30 (V) and then split into tvo fractions. Fraction I
vas plated for cell survival; fraction 2 vas analyzed by neutral
elution for DSD levels, triplicate samples being run for each
sample.

D6. Alkaline elution in vivo
The alia.'ine hat .ot 'eFnr;,;Le bA• been a!aeted fot

measuring SSbs .n both the total and ptzvlife ating eell
populations of the mouse eejunal epitheieus and bone 3altov after
irradiation of the tissues in vivo (5). 5 x iI' cells ate
layered onto a %'-ma diameter; (,.8-um pore PC filter and lysed
vith a solution zontaining either Satkosyl ot SDS and
proteinase-F. The EWA is eluted in the dark vith '.1 R TPAH
conta:ning .. M H EDTA, pH 2.. at a !io- tate of ". • ml nin.
An'y DNA retained on the filter at "he end of the elu'ion ti"e is
tecovered (It ) and the DNA con-en'tration in each sample is
assayed either fluorouetrically using Hoechst 33258 (35) or by
liquid scintillation counting. The data obtained using the
radioactivity assay characterize DiNA-damage in the proliferating
cells vhile the data obtained using the fluorometric assay
-measure SSBs in all of the cells in that sample of *issue.

D7. Calculation of strand-scission factors
The relative number of strand nreaKs Is deterained by the

equation: SSF - -log(f /f ). vhere f and f are. respectively.
the proportion of,.DNA re~ained, on the ?ilter ,oz the unirradiated
control and for the irradiated sample. For SSBs. an eluted
volume of 21 ml it used for the calculation. For the high-dose
DSB assay a larger volume of 31.5 ml is used in order to reduce
the effect of analyzing profiles in the transition region betveen
first-order elution and the subsequent slover elution. Hovever.
in the later loy-dose DS3 assay we reverted to using a volume of
21 'l.

i0. Radioprotertive Srugs and radtatioow treatments
For the in vitro studies, drugs are dissolved in grovth

medium immediately prior to use and steriiic;d by filtration.
For the in vivo studies. the drugs are dissolved in phy:iological
saline immediatelvyxior to iniection i.p. All irradiations are
performed using a Cs-irradiator vith a dose rate of 5 Gy/min.

D9. Gut microcolony assa,
The principles ot :his assay have been discussed in detail

(30). Jejunal cross-sections are prepared for histological
examination 3.5 days after irradiation. The number of regenerat-
ing crypts are estimated by microscope. and convertod to the
number of surviving cells by applying a Poisson distribution
correction fvnction.

DlO. Spleen-colony assa)
The spleen-colony assay (33) vas used -o examine the effects

of radiation on the survival of bone-mariov stem -ells. Mice
vere irradiated vith graded doses of rad:ation and 8 days later

26



their spleens vere removed and fixed in Bouin's solution. The
number of gross surface spleen colonies vere then counted.

DIL. Antmal survival assay:
The assays for animal survival after doses that lead to

death from either gastrointestinal damage (LD5O,' 7 after
vhole-abdnmen iriadiation) or hone mart•v' depletion (LD'511`3
aflet vhole-body i-radiation) weie described in detail eisewnere
t 31).
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FIGUREI 1: (A) Effect of varying concentrations of either
VR-1065 (0), VR-255591 (:). VR-3689 (U),,1TT (C)
or cysteamine (') on the, survival of CHO cells
irradiated vith 10 Gy of v-rays.'

(B) Effect of varying lengths of exposure to these
same thiols on radioprotection after 10 Gy of y-rays.
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UG1RE 2: Effect of a 30-min pratreatuent vith IV, mM cysteamine
on the r-ray survival :urve for CHO cells irradiated
at 37 C control cells ( ); cVy eamine-treated cells-
(0).
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FIGURE 3: Effect of VR-ln65 ( 0_.S). UR-255591 (-.V). and
1R-15l326 (0. *) on the yield of v-ray-induced DNA

single-strand breaks (solid symbols) and on the
survival (open symbols) of CHO cells irradiated at
37 0C.
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FIGURE 4: Correlation curves shoving the relavionship
betveen the protection factor for DNA single-
strand breaks and cell survival for CHO cells
pretreated with DTT (*). WRl6 ( ). or V-
(0).
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FIGURE 5: Effect of 6 mM VR-255591 on the yield of Y-ray-
induced DNA double-strand breaks in CHO cells assayed
at either (A) pH 7.0. or (B) pH 9.6.
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FIGURE 7: Effect of 6 aN 0,-255591 (*) and 4 rP WR-1065
(0) on (A) the yield of v-ray-induced DNA
double-strand breaks at lov doses, and (B) on cell

survival. In both cases the open circles (p)
represent control cells (no drug).
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a. Double-strand break

F•" ",-R F.•

"_ -' L •_ ... -I• f I t. 7 7!

b. Single-strand break

FIGURE 8: Idealized application of the fixation (F)-repair (R)
model to protection against single- and
double-stranded DNA break precursors by thiols.
F-processes result from reaction with f,. the fixed
damage being represented by the solid c•rcle ( ).

R-processes result from reaction with the zhiol.
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FIGURE 9: Effect of immediate post-irradiation treatment
vith hypertonic salt on the survival of log-
phase CHO cells. Open sumbols are for normal .plating
conditions. Solid symbols are for cells treated vith
0.5 K salt for 20 min immediately after irradiation.
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DTT (Co. cysteamine C1. or VJRA1065 CS3, as a
function of radiation dose. PFs are shown for cells
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FIGURE 11: Dose response curves for micronucleus induction 'in
CHO cells (ED) or folloving a 30-min
pretreatment vith either 6'UN V-255591 () or '10 aM
cysteamine (U) prior to y-irradiation.
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FIGURE 14: Effec: of IJR-3689 and WR-2721 on the survival of
crv;.t cells (circles) or aniu~als (diamonds) and on
the yield of DNA SSBs (triangles) in mouse jejunal
cells.
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FIGURE 15: Effect of W1R-2721 on the initial yield of
v-ray-induced DNA single-strand breaks in vhole
mouse bone a.arrov and in the proliferating tine
Marrov cells.
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Table 1: S ucii.,es of the pu !zj n this '.

2 7
Vp -#P IH I:~r of ) NHCH CH StfIH

N1~jNHC 2  2

~~~~ 2 2 N H

WR-151326. CH 3NH(cH,) 3Nca 2 CH2 CH 2 SH
WR-151327 CH N1I(CPH43)NM ca CH SPO H2

DTT HSCH.,CH(OR )CH(OH)CH.ISH
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Table I1: Protection Factors for Cell Survival and for DNA
Sinrle- and Doubie-S'rand Break indiut!icn ir. CHn rells: Pie.reated

"h ,a .r ous Tc' , ,A S f o I-.ft a t

Drug PFISFI PFISSEI PFIDSBI (pH)

,aR-:5.5•I -. 3 1.23 1.83 (7)
L.7,, (0.6)

6 mM WR-151326 2.6-2.9 1.68 "3.0 (7)
"2.1 (9.6)

10 m" Cysteamine 2.8-3.1 1.8z 2.5 (7)
2.0 (9.6)

25 mM DTT 2.3 1.68 1.8 (7)
1.65 (9.6)
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Table III: Relationship Between PFISFP and PFISSBI for H(1" Cell,
and fer Mouse Tissues.

Drug Sys temn PFISFI :"FI$SEI e.

JI-1065 CHO 2.0 J.'-7 (1.5•. 1

VP -1965 Jejunum A..lQ +',) 1.13 i s, (..")
0. !i V,, 2

Jej•Lnum 1.8 (4.00) 1.04 . 0.07" ("00) 29

VP -3689 Yeiuntum 1.5 (4w') ¶.* (.r(')

1.65 (6CK,) 1.0 (BV.')

"R -2721 Bone 1.5 (400) .. 6 (400) 3,..16
Marrov -2.2

a 3"PFISSBIs were obtained using the H-'rJ% assay where the cells
were lysed with SDS rather than "-.Kosyl for appropiate
comparison witi, the CHO-cell da:a. *used Sarkosyl.

IAlI PFISFJ values are for clonogenic survival end points
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